ABSTRACT Two conserved ubiquitin ligases, Hrd1 and Doa10, mediate most endoplasmic reticulum-associated protein degradation (ERAD) in yeast. Degradation signals (degrons) recognized by these ubiquitin ligases remain poorly characterized. Doa10 recognizes the Deg1 degron from the MATα2 transcription factor. We previously found that deletion of the gene (NAT3) encoding the catalytic subunit of the NatB N-terminal acetyltransferase weakly stabilized a Deg1-fusion protein. By contrast, a recent analysis of several MATα2 derivatives suggested that N-terminal acetylation of these proteins by NatB was crucial for recognition by Doa10. We now analyze endogenous MATα2 degradation in cells lacking NatB and observe minimal perturbation relative to wild-type cells. However, NatB mutation strongly impairs degradation of ER-luminal Hrd1 substrates. This unexpected defect derives from a failure of Der1, a Hrd1 complex subunit, to be N-terminally acetylated in NatB mutant yeast. We retargeted Der1 to another acetyltransferase to show that it is the only ERAD factor requiring N-terminal acetylation. Preventing Der1 acetylation stimulates its proteolysis via the Hrd1 pathway, at least partially accounting for the ERAD defect observed in the absence of NatB. These results reveal an important role for N-terminal acetylation in controlling Hrd1 ligase activity toward a specific class of ERAD substrates.
INTRODUCTION
The eukaryotic ubiquitin-proteasome system (UPS) recognizes and degrades both naturally short-lived and aberrant proteins (Ravid and Hochstrasser, 2008; Schwartz and Ciechanover, 2009; Ulrich, 2012) . Degradation of the latter, including those proteins that fail to fold or assemble properly, is part of cellular protein quality control.
Most substrates of the UPS are first covalently modified with polymers of ubiquitin. Protein ubiquitylation requires the action of a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3). The 26S proteasome recognizes polyubiquitylated proteins and cleaves them into short peptides with concomitant recycling of ubiquitin.
A prominent cellular site of protein quality control is the endoplasmic reticulum (ER), where most transmembrane (TM) and secreted proteins first insert into or cross the membrane and undergo additional folding, assembly, and posttranslational modification. Ubiquitin-dependent proteolysis initiated at this organelle is referred to as ER-associated degradation (ERAD; Carvalho et al., 2006; Hampton and Garza, 2009; Guerriero and Brodsky, 2012) . In the baker's yeast Saccharomyces cerevisiae, the TM RING-domain proteins Doa10 and Hrd1 are the major E3s that target ER-associated proteins for proteolysis (Bays et al., 2001; Deak and Wolf, 2001; Swanson et al., 2001) . Doa10 is believed to preferentially target proteins with degrons present on the cytoplasmic/nucleoplasmic side of the ER/nuclear membrane in a process termed ERAD-C (cytoplasm). By contrast, Hrd1 is believed to recognize predominantly proteins with ER luminal or intramembrane degrons-ERAD-L (lumen) and ERAD-M (membrane) substrates, respectively (Vashist
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Thomas Sommer Max Delbrück Center for Molecular Medicine of ERAD-L (but not ERAD-M) substrates of Hrd1, including the classic model ERAD substrate CPY* (Hiller et al., 1996) . The defect of nat3Δ cells in supporting CPY* degradation correlates with a failure of the Hrd1 holocomplex member, Der1, to be N-terminally acetylates. Der1 is specifically required for targeting ERAD-L substrates. We show that Der1 is acetylated in a NatB-dependent manner in vivo. Unacetylated wild-type (WT) Der1 is metabolically destabilized, and this enhanced degradation depends on Hrd1. Thus failure to acetylate the N-terminus of Der1 switches it from functioning as a Hrd1 cofactor to serving as a substrate. The ERAD-L defect of nat3Δ cells can be fully suppressed by overexpressing Der1. Moreover, by mutating the N-terminus of Der1 to make it a substrate of a different N-terminal acetyltransferase (NatA), we could render CPY* degradation NatA dependent. Loss of NatB does not cause a major change in either Der1 structure or topology. Taken together, our data indicate that N-terminal acetylation directly controls the function of Der1, a transmembrane protein critically involved in the degradation of ER luminal substrates of Hrd1.
RESULTS

NatB is not required for MATα2 degradation
Both our earlier genomic screen and the data of Hwang et al. (2010) suggested that the NatB Nα-acetyltransferase is important for maximal rates of Doa10-mediated degradation of substrates bearing the MATα2-derived Deg1 degron. MATα2 begins with a NatB consensus sequence (Met-Asn), and the majority of MATα2 is Nα-acetylated in vivo (Hwang et al., 2010) . Binding experiments suggest a direct, albeit weak, interaction of Doa10 or Doa10 fragments with acetylated, but not unacetylated, MATα2-derived N-terminal peptides. However, previous random mutagenesis of Deg1 did not reveal any N-terminal mutations that significantly stabilized fusion proteins (Johnson et al., 1998) , and attempts to validate the contribution of NatB to the degradation of such proteins suggested little if any role .
To address this apparent discrepancy, we first analyzed degradation of Deg1-Ura3 in nat3Δ yeast. Deg1-Ura3 was the fusion protein used in our genomic screen that first suggested a potential role for NatB in Doa10 substrate degradation . Deg1-Ura3-related fusions were also the principal substrates analyzed by Hwang et al. (2010) . As shown in Figure 1A , Deg1-Flag-Ura3 was rapidly degraded in WT cells and strongly stabilized in doa10Δ cells. In contrast, deletion of NAT3 caused little stabilization of the substrate. The absence of a strong proteolytic defect in the absence of Nat3 is consistent with a failure of nat3Δ cells to stabilize the Deg1-β-galactosidase fusion protein or confer robust Deg1-Ura3-dependent growth on medium lacking uracil . This and previous analyses were performed with ectopically expressed, modified versions of MATα2 or MATα2 fragments. We wished to know whether NatB-dependent Nα-acetylation is required for the degradation of endogenous, full-length MATα2. MATα2 is ubiquitylated by two principal mechanisms, one mediated by the Doa10 pathway, which includes Ubc6 and Ubc7, and the other by the Slx5/Slx8 pathway, which uses the Ubc4 E2 (Chen et al., 1993; Xie et al., 2010) . To specifically measure Doa10-dependent MATα2 degradation, we analyzed degradation of chromosomally expressed, unmodified MATα2 in a ubc4Δ-strain background ( Figure  1B ). Degradation kinetics of MATα2 were experimentally indistinguishable in the presence or absence of Nat3. By contrast, MATα2 was strongly stabilized in a ubc4Δ doa10Δ strain.
We previously reported weak stabilization of Ubc6 bearing an internal hemagglutinin (HA) epitope tag in a nat3Δ strain . Analysis of endogenous Ubc6 degradation confirmed and Ng, 2004; Sato et al., 2009) . Both Doa10 and Hrd1 function with the E2 Ubc7 and the Ubc7 cofactor Cue1; Doa10 also requires a second E2, Ubc6 (Meusser et al., 2005) .
The first identified Doa10 substrate was the MATα2 transcriptional repressor, the rapid degradation of which is essential for regulation of yeast mating-type switching (Swanson et al., 2001; Laney and Hochstrasser, 2003) . The first ∼60 residues of MATα2 contain a degron, named Deg1, which is necessary and sufficient for Doa10-dependent degradation (Hochstrasser and Varshavsky, 1990; Deng and Hochstrasser, 2006; Chen et al., 1993; Johnson et al., 1998; Swanson et al., 2001; Ravid et al., 2006) . Deg1 confers ubiquitindependent instability when fused to normally long-lived soluble or integral membrane proteins. Mutations of the hydrophobic face of a predicted amphipathic helix (Deg1 amino acids 14-32) strongly stabilize Deg1 fusion proteins; mutations both upstream and downstream of this region have partially stabilizing effects (Ho et al., 1994; Johnson et al., 1998; Xie et al., 2010) .
We previously screened the S. cerevisiae gene deletion library for additional Doa10 pathway components . We used a chimeric Deg1-Ura3 reporter construct, which confers growth to cells in the absence of uracil only when stabilized. Deletion of Doa10, Doa10 cofactors, and proteasome-related factors was found to support growth on medium lacking uracil. (A nup120Δ strain was also initially identified as a strong Deg1-Ura3 stabilizer, but the strain was found to have a cryptic mutation in DOA10.) Mutants allowing much slower growth on uracil-free medium were also identified; among these was a nat3Δ strain, which lacked the catalytic subunit of the heterodimeric NatB Nα-acetyltransferase (Nat3/Mdm20; Hollebeke et al., 2012) . Direct biochemical analysis of the degradation of a Deg1-β-galactosidase fusion protein failed to confirm a proteolytic defect in nat3Δ cells. However, another Doa10 substrate, Ubc6, was weakly stabilized in the absence of Nat3 . Deg1-β-galactosidase is expected to be N-terminally acetylated by NatB; Ubc6 is not.
Protein N-terminal acetylation is largely, but not entirely, determined by the residue following the initiator methionine (reviewed in Starheim et al., 2012; Hollebeke et al., 2012) . S. cerevisiae cells express multiple Nα-acetyltransferases, with three-NatA (Ard1/Nat1), NatB (Nat3/Mdm20), and NatC (Mak3/Mak10/Mak31)-responsible for most protein Nα-acetylation. For NatA-mediated Nα-acetylation, the initiator Met residue must first be removed by a methionine aminopeptidase. NatB recognizes proteins with a second residue Glu, Asp, or Asn and occasionally Gln, and it Nα-acetylates the initiator Met residue. There are >900 predicted NatB substrates in yeast (Helbig et al., 2010) .
A recent study suggested that loss of NatB impairs Deg1-dependent degradation to the same extent as deletion of DOA10 and that Doa10 binds directly to the acetylated N-terminus of MATα2-derived model substrates (Hwang et al., 2010) . The MATα2 N-terminus is directly acetylated by NatB. These findings prompted us to reexamine the role of NatB in Doa10-mediated protein degradation. Whereas previous studies addressed the effect of NatB deficiency on sequence-modified derivatives of MATα2, we were particularly interested in the effects of NatB mutation on degradation of endogenous, full-length MATα2.
We report here that deletion of the NatB catalytic subunit results in little, if any, metabolic stabilization of endogenous MATα2. The same is true for MATα2 derivatives bearing just the Doa10-dependent Deg1 degron. NatB mutants display a mild induction of the ER unfolded-protein response (UPR), suggesting that mutation of NatB may broadly perturb ER protein homeostasis. In fact, we found that loss of NatB causes a striking defect in the degradation begins with Met-Asn, Ste6* is a candidate NatB target, although its acetylation status was not tested. Ste6* degradation was not affected by deletion of NAT3 (Supplemental Figure S1B) .
We conclude that MATα2, an endogenous substrate of Doa10, is efficiently targeted to the Doa10 pathway in the absence of Nα-acetylation. Degradation of several additional Doa10 substrates predicted to be Nα-acetylated by NatB also appears to be largely if not entirely independent of NatB activity.
Weak induction of the UPR in a NatB mutant
The finding that Ubc6 degradation was weakly inhibited in nat3Δ cells despite not being a NatB substrate suggested that NatB might instead act on the Doa10 complex or other ERAD components. Doa10 itself is a predicted NatB substrate (N-terminus: Met-Asp), and NatB-dependent N-terminal acetylation of Doa10 was recently confirmed experimentally . With an N-terminal dipeptide Met-Glu, Cue1, the membrane-anchoring cofactor of the Ubc7 E2, is also a potential NatB substrate (Biederer et al., 1997) . Reduced levels or activity due to N-terminal acetylation of either Doa10 or Cue1 might affect Ubc6 degradation, which is known to be uniquely sensitive to other mutations in Doa10 (Kreft and Hochstrasser, 2011) . Doa10 levels appeared essentially unchanged when NAT3 was deleted (Supplemental Figure S2A ). Cue1 levels actually increased in nat3Δ relative to WT cells ( Figure 2A ). Increased Cue1 abundance in nat3Δ cells correlated with a similar accumulation of Ubc7 (unpublished data), the levels of which depend on Cue1 (Ravid and Hochstrasser, 2007) . Cue1 association with membranes was not detectably perturbed in the mutant (Supplemental Figure S2B ). These data argue against a requirement for NatB-mediated acetylation in maintaining sufficient levels of these proteins. However, we cannot rule out subtle functional alterations to these factors when they are not Nα-acetylated, potentially accounting for the weak effect of the nat3Δ allele on Ubc6 degradation.
Cue1 and Ubc7 accumulate during ER stress (Friedlander et al., 2000) . The increase in their levels in the nat3Δ mutant might reflect accumulation of misfolded proteins in the ER and an induction of the ER UPR, although NatB was not previously implicated in the UPR (Jonikas et al., 2009) . A more general protein stress response was suggested by a modest increase in the accumulation of bulk ubiquitin-protein conjugates in nat3Δ cells relative to WT cells (Supplemental Figure S2C ). Using a UPRE-lacZ transcriptional reporter, we observed a ∼2.7-fold increase in β-galactosidase activity in nat3Δ cells ( Figure 2B ). The effect was not as great as that observed in a doa10Δ hrd1Δ double mutant, but it was comparable in magnitude to the induction previously seen in a hrd1Δ single mutant (Swanson et al., 2001 ).
An ERAD-L defect in nat3Δ cells
We therefore asked whether deleting NAT3 affected the Hrd1 pathway. Indeed, a striking stabilization of CPY*, an ERAD-L substrate, was observed in the absence of Nat3 ( Figure 2C ). The inhibition of CPY* degradation was comparable to that observed in der1Δ cells (or hrd1Δ cells; see Figure 7 later in this paper). The defect was suppressed by reintroduction of NAT3 on a plasmid ( Figure 2C ). Loss of Mdm20, the noncatalytic subunit of NatB, also strongly inhibited CPY* degradation (not shown). CPY* was similarly glycosylated in WT and nat3Δ cells, implying that its ER import and processing were not perturbed by mutation of NAT3 (Supplemental Figure S3A ).
Additional Hrd1 substrates were also tested for Nat3 dependence of degradation. Degradation of another model ERAD-L a modest increase in half-life in the nat3Δ mutant, much milder than that seen in doa10Δ cells (Supplemental Figure S1A ). Of note, Ubc6 begins with the Met-Ala dipeptide and is predicted to be a substrate of NatA (Ard1/Nat1) rather than NatB. Ubc6 is known to be Nα-acetylated after removal of the initiator Met by methionine aminopeptidase even in nat3Δ cells . Thus the inhibitory effect of the nat3Δ mutation on Ubc6 degradation is not likely due to a change in Ubc6 acetylation. Eliminating Ard1, the catalytic subunit of NatA, had no effect on Ubc6 degradation rate (unpublished data). We also measured the turnover of Ste6*, an integral ER membrane quality-control substrate of Doa10 (Huyer et al., 2004) . Because its cytosolically disposed N-terminal sequence FIGURE 1: NatB is not essential for Doa10-dependent MATα2 degradation. (A) Cycloheximide chase/immunoblot analysis of Deg1-F-Ura3 degradation in WT (BY4741), nat3Δ (MHY7428), and doa10Δ (MHY3033) strains. Anti-FLAG (F) antibody was used for immunoblotting. Cell culture and incubation after cycloheximide addition were both conducted at 30°C. Deg1-F-Ura3 was expressed from the plasmid p415MET25-Deg1-FL-URA3. PGK, phosphoglycerate kinase (used as a loading control). (B) Pulse-chase analysis of native MATα2 degradation. Cell extracts were immunoprecipitated with anti-MATα2 antibody. Top, representative pulse-chase autoradiogram. Bottom, quantification of degradation kinetics. Each curve represents the average of four independent experiments. Error bars depict standard errors. Yeast strains used: ubc4Δ (MHY498), ubc4Δ nat3Δ (MHY6850), and ubc4Δ doa10Δ (MHY1648).
absence of Nat3 ( Figure 2E ). These results suggest that NatB might be specifically required for the degradation of ERAD-L substrates of Hrd1.
Der1 function normally requires its acetylation by NatB
The Hrd1 holocomplex is a multisubunit membrane protein complex with components dedicated to the recognition or processing of specific substrate subclasses (Guerriero and Brodsky, 2012) . Der1 is an integral membrane subunit specifically required for the degradation of ERAD-L substrates. The mechanistic role of Der1 is not known, although studies of the related mammalian Derlins have suggested that they participate in ERAD substrate retrotranslocation or release from the ER membrane after substrate traversal of the bilayer (Lilley and Ploegh, 2004; Ye et al., 2004; Greenblatt et al., 2011) . Derlins are also related to the integral-membrane rhomboid proteases. The latter proteins induce a thinning and disruption of the membrane bilayer (Wang et al., 2007) . Derlins might facilitate retrotranslocation in part by lowering the energy barrier for moving hydrophilic domains of luminal substrates across the membrane.
The N-terminus of Der1, which faces the cytosol (Hitt and Wolf, 2004) , begins with the sequence Met-Asp. This matches the NatB consensus, although Der1 had not been identified as a NatB substrate in previous proteomic surveys (Helbig et al., 2010; Van Damme et al., 2012) . To determine whether Der1 is indeed Nα-acetylated in vivo, we purified C-terminally FLAG-tagged Der1 protein from NAT3 and nat3Δ yeast cells ( Figure 3A ) and subjected them to liquid chromatography-tandem mass spectrometric (LC-MS/MS) analysis (Figure 3 , B and C). Based on quantitative ion current measurements and MS/MS sequencing of N-terminal tryptic peptides, ∼93% of Der1 protein was Nα-acetylated; this modification was completely dependent on NatB (Figure 3 , B and C; Table 1) .
If the ERAD-L defects observed in NatB mutants were attributable solely to a failure to N-terminally acetylate Der1, it might be possible to switch ERAD-L dependence to a different Nα-acetyltransferase by altering the Der1 sequence to make it a substrate of that enzyme. Sequence comparisons of Der1 to its likely orthologues in a wide range of eukaryotes revealed that most are predicted to be Nα-acetylated. The second residue of many of these proteins is alanine, making them predicted substrates of NatA (rather than NatB).
substrate, KHN (Vashist and Ng, 2004) , was impaired in the nat3Δ mutant ( Figure 2D ). By contrast, the ERAD-M substrate 6myc-Hmg2 (Hampton and Bhakta, 1997) was degraded efficiently in the FIGURE 2: NatB activity is important for degradation of CPY*, a Hrd1 ERAD substrate. (A) Loss of NatB causes increased levels of the Ubc7 cofactor Cue1 based on anti-Cue1 immunoblotting. PGK, loading control. (B) A mild UPR in cells lacking NatB. WT (MHY501), nat3Δ (MH6599), and doa10Δ hrd1Δ (MHY1703) strains were transformed with the pSZ1 UPRE-lacZ reporter plasmid (Travers et al., 2000) , and at least three independent transformants were evaluated for β-galactosidase activity. Error bars represent SDs. (C) Cycloheximide-chase/anti-CPY immunoblot analysis of CPY* in prc1-1 (MHY1366), prc1-1 nat3Δ (MHY6920), and prc1-1 der1Δ (MHY7110) cells. PGK, loading control. Graph represents quantification of the cycloheximide-chase analyses at the top. CPY* levels were normalized to PGK at each time point. (D) KHN, another Hrd1-dependent luminal ER substrate, is also stabilized by loss of Nat3. Degradation was evaluated by cycloheximide-chase/anti-HA immunoblot analysis. (E) Turnover of 6myc-Hmg2, a membrane substrate of Hrd1, does not require NatB. Cycloheximide-chase was followed by anti-myc immunoblot analysis. Percentage of 6myc-Hmg2 remaining was normalized to PGK at each time point. Strains used were MHY7719 (WT), MHY7720 (nat3Δ), and MHY1661 (ubc7Δ).
We therefore mutated the second residue of Der1 from Asp to Ala (MA-Der1). The initiator Met should be cleaved from this construct, exposing an N-terminal Ala residue that is predicted to be Nα-acetylated by NatA. MA-Der1-FLAG was purified from WT cells and analyzed by LC-MS/MS. The N-terminal Met had indeed been removed, and ∼41% of the resultant Der1 protein with an N-terminal Ala was Nα-acetylated (Supplemental Figure S4 and Supplemental Table S1 ). The reduced levels of Nα-acetylation of the MA-Der1 compared with WT Der1 (MD-Der1) might be related to the recent observation that a cotranslationally ER-translocated NatA substrate was not acetylated, probably due to competition for binding between NatA and signal recognition particle (SRP; Forte et al., 2011) . As will be shown later, Nα-acetylation of MA-Der1 is indeed NatA dependent.
Degradation of CPY* in the resulting MAder1 strain was almost as rapid as in cells expressing the WT Der1 protein, indicating that MA-Der1 retains substantial function (Figure 4 , A and B, and Supplemental Figure  S3B ). In a MA-der1 nat1 double mutant, which does not support Nα-acetylation of MA-Der1, ∼98% had the Met removed and no acetyl group (Supplemental Table S1 ; Arendt and Hochstrasser, 1997) , CPY* degradation was strongly impaired. Of importance, CPY* degradation was unaffected in nat1 cells expressing wild-type Der1 ( Figure  4A and Supplemental Figure S3B ). Therefore disruption of NatA does not inhibit ERAD-L unless Der1 has been converted to a NatA substrate.
Contrary to expectation, the MA-der1 allele failed to rescue ERAD-L in nat3Δ cells ( Figure 4B ). LC-MS/MS analysis of MA-Der1-FLAG purified from a nat3Δ mutant confirmed that the N-terminal Met had been cleaved (Supplemental Table S1 ). The percentage of Der1 acetylation determined from total ion current measurements in nat3Δ cells was only slightly decreased compared with WT (Table 1) . However, when peptide amounts were normalized between the two strains, we observed an apparent 
Unacetylated Der1 becomes a substrate of Hrd1
Der1 was rapidly degraded in WT yeast when its second residue had been mutated to particular amino acids or when expressed in strains lacking specific Nα-acetyltransferase activities. Because the Der1 alterations affect its cytosolically disposed N-terminus, this enhanced turnover might be mediated by the Doa10 (ERAD-C) pathway. Alternatively, since Der1 is normally recruited to the Hrd1 complex, mutated Der1 might be ubiquitylated by Hrd1. We tested the degradation rates of WT and two N-terminally mutated forms of Der1 in doa10Δ and hrd1Δ mutants, as well as in mutants that combined these E3 gene deletions with deletion of NAT3 ( Figure 6 and Supplemental Figure S6 ). In all cases, Der1 degradation was inhibited by loss of Hrd1 but not Doa10. Thus mutations that impair Der1 Nα-acetylation make it susceptible to ubiquitin-dependent degradation by the same ubiquitin ligase for which it normally serves as a cofactor.
The inference that under some circumstances Der1 can function when not acetylated was corroborated by the finding that the defect in CPY* degradation in nat3Δ cells was fully rescued by overexpression of WT Der1 even though it cannot be acetylated in this strain (Figure 7) . The effect was specific, as Der1 overexpression did not suppress the hrd1Δ defect in ERAD-L (but did suppress the cognate der1Δ defect). We conclude that Der1 function is extremely sensitive to the structure of its N-terminus. In particular, at normal levels of expression, WT Der1 must be Nα-acetylated to function in ERAD-L.
Loss of acetylation does not cause gross changes in Der1 structure
How does the block to Nα-acetylation of Der1 impair its function and increase its Hrd1-mediated degradation? Acetylation could potentially affect Der1 conformation or folding, membrane insertion, or multimerization (Goder et al., 2008) , its interaction with other Hrd1 complex components , or its association with substrates. The fact that unacetylated Der1 functions effectively in ERAD-L if overproduced suggests that unacetylated Der1 is not grossly misfolded and is still able to interact with the Hrd1 complex. Consistent with this, we find by coimmunoprecipitation analysis that Der1 continues to multimerize and associate with Usa1, its direct binding partner in the Hrd1 complex (Supplemental Figure S7) .
We tested the possibility that Der1 Nα-acetylation affected its membrane topology, using Der1 derivatives with N-glycosylation consensus sequences inserted into the three predicted loops of the protein (after residues 45, 85, and 128; Hitt and Wolf, 2004) .
∼55% reduction in the abundance of acetylated Der1 (Supplemental Figure S4B ). This partially reduced acetylation of MA-Der1 does not appear sufficient to account for the CPY* degradation defect in
MA-der1 nat3Δ cells (see Discussion).
Taken together, the data argue for a specific requirement for Der1 Nα-acetylation for its function in ERAD-L.
Effects of mutating the N-terminus of Der1
To investigate how Nα-acetylation might affect Der1 function in ERAD-L, we analyzed the levels and stability of WT and N-terminally mutated Der1 proteins. WT Der1, either with or without a C-terminal HA epitope tag, exhibited a relatively long half-life (>2 h) in WT cells, although the HA tag caused a mild destabilization (Figures 4, A and C, and 5A). Of interest, WT Der1-HA was degraded approximately twice as fast in nat3Δ cells as in WT cells ( Figure 5A) .
Mutation of the second residue of Der1 to residues predicted to alter its N-terminal processing also affected its steady-state levels, sometimes very strongly ( Figures 4B and 5A ). For example, when the second residue of Der1 was mutated from Asp to Lys (generating an N-terminus not predicted to be modified by any known yeast Nα-acetyltransferase), the resulting protein (MK-Der1-HA) could barely be detected in vivo due to rapid degradation ( Figures 5A and 6 ). CPY* was strongly stabilized in these cells, consistent with depletion of Der1 (unpublished data). Conversely, when the N-terminus of Der1-HA was mutated in a manner not predicted to alter Nα-acetyltransferase specificity (ME-Der1), CPY* was rapidly degraded in a Nat3-dependent manner (Supplemental Figure S5, A and B) . This implies that the ME-Der1 protein retained its function in ERAD-L but only when Nα-acetylated by NatB.
Finally, we also attempted to convert Der1 to a NatC (Mak3/ Mak10/Mak31) substrate by mutating its second residue to Leu. The resulting ML-Der1 protein supported CPY* degradation in WT cells and rescued the CPY* degradation defect of nat3Δ cells ( Figure 5B and Supplemental Figure S5C ). This contrasts with the NatA substrate MA-Der1-HA, which was not functional in a nat3Δ mutant ( Figure 4B) . Surprisingly, ML-Der1 promoted CPY* degradation even in cells in which its predicted cognate Nα-acetyltransferase (NatC) was inactivated by MAK3 deletion (Supplemental Figure  S5C) . Therefore, when the N-terminus of Der1 is mutated to begin with the Met-Leu dipeptide, its function does not require Nα-acetylation. Total TIC (± Met oxidation and ± acetylation) 1.42E+07 1.37E+07
WT (MD)
Total TIC for acetylated peptides (± Met oxidation) 0.00E+00 1.27E+07
Percentage of total peptides acetylated 0 93
TIC, total ion current; MH+, mass of molecular ion +1. We conclude that N-terminal acetylation of Der1, although essential for Der1 activity in ERAD-L, is unlikely to cause a major change in Der1 dimerization, affinity for the Hrd1 complex, or membrane topology.
DISCUSSION
Nα-acetylation is among the most common modifications of eukaryotic proteins. Some 50-70% of proteins in yeast and 70-90% of proteins in human cells are Nα-acetylated (Starheim et al., 2012) . Several links between protein Nα-acetylation and the UPS have been proposed, including substrate acetylation that mediates direct recognition by the Doa10 ubiquitin ligase (Hwang et al., 2010) . Here we show that multiple Doa10 substrates do not require Nα-acetylation for their degradation. Conversely, we find an unexpected link between Nα-acetylation and the other major ERAD ubiquitin ligase, Hrd1. In particular, Der1, a cofactor required specifically for Hrd1 substrates with ER luminal lesions (ERAD-L), is acetylated by NatB and normally requires this modification for its function. Failure to Nα-acetylate Der1 causes it to become a Hrd1 substrate.
N-terminal protein acetylation in the Doa10 pathway
Both we and Hwang et al. (2010) identified NatB as a potential factor in Doa10-mediated substrate degradation. However, unlike Hwang et al., our experiments uncovered only mild defects with tested substrates, including a variety of Deg1-bearing proteins. These observations hold for engineered Deg1 substrates analyzed in different strain backgrounds, with different cell-lysis protocols, and using either radioactive pulse-chase or translational-shutoff methods to measure degradation (Figure 1 and unpublished data) . Most important, degradation of unmodified, endogenous MATα2 in cells lacking NatB was not significantly inhibited.
Recently an elegant optical reporter of in vivo protein degradation rates was used to screen yeast deletion strains for impaired turnover of different N-end-targeted substrates (Khmelinskii et al., 2012) . One engineered reporter used an N-terminal degron beginning with Cys-Leu (the CL degron), which is recognized by the Doa10 pathway (Hwang et al., 2010) . This substrate is predicted to be acetylated by NatA. Loss of Doa10, Ubc7, or Cue1 (and, separately, Ubc6, which was not in the library) caused the most severe defects in CL-degron-reporter degradation. These results exactly parallel our earlier screen using a Deg1-Ura3 reporter with the same library . The ard1Δ strain, which lacks the NatA catalytic subunit, was not identified, and the nat1Δ stain (lacking the NatA noncatalytic subunit) was ranked 24 among the apparent stabilizers. Of note, mdm20Δ and nat3Δ mutations, which inactivate NatB, were identified among the 11
Residues at positions 45 and 128 had been found to be glycosylated and therefore inferred to be luminal in WT cells (Hitt and Wolf, 2004) . By contrast, an N-glycosylation site at position 85 was not glycosylated and was thus inferred to be cytoplasmically disposed. We confirmed these findings in WT cells and observed the same results in nat3Δ cells, suggesting that at least the first three TM segments were inserted correctly in both strains (Supplemental Figure  S8, A and B) . Mammalian Derlin-1 was recently suggested to have a six-TM topology (Greenblatt et al., 2011) . Our computational analysis suggests a similar topology for yeast Der1, among the most divergent of the Derlin family members (Supplemental Figure S8 , B and C; Chen et al., 2010) . It remains to be determined whether Der1 does indeed have six TM segments and whether N-terminal acetylation affects this topology. (A) WT Der1 (MD-Der1-HA) is sensitive to loss of NatB (Nat3/Mdm20) but not NatA (Ard1/ Nat1). CPY* and Der1-HA degradation were measured by cycloheximide chase/immunoblotting in cells with the indicated genotypes (all strains were prc1-1 der1Δ and carried either the pRS314 plasmid [der1Δ] or p414DER1-HA plasmid). PGK, loading control. (B) Conversion of Der1 into a NatA substrate makes ERAD-L sensitive to loss of NatA. The MA-Der1 protein was functional in WT but not nat1 (or nat3Δ) cells. CPY* and MA-Der1-HA degradation was measured in cells with the indicated genotypes (all strains were prc1-1 der1Δ and had either the pRS314 plasmid [der1Δ nat1] or p414der1-D2A-HA plasmid). PGK, loading control. (C) Degradation of CPY* and endogenous Der1 measured by cycloheximide chase/ immunoblot analysis in WT and nat3Δ cells. The same extracts were used for anti-CPY and anti-Der1 immunoblotting but were resolved on separate gels. pRS415DER1 is a low-copy (CEN) vector expressing DER1 from its own promoter. PGK, loading control.
(Supplemental Figure S5C) . Mutating the second residue to Ala results in removal of the N-terminal methionine, NatA-mediated Nα-acetylation and an accompanying novel dependence of ERAD-L on NatA ( Figure 4B and Supplemental Figure S3B ). That NatA is not normally required for ERAD-L indicates there is no other protein in the Hrd1 pathway that must be modified by this enzyme. In addition, ERAD-L exhibited no detectable dependence on NatC. These results imply that other than Der1 modification by NatB, Nα-acetylation by any of the principal yeast acetyltransferases is not essential for ERAD-L, although it remains possible that degradation of certain substrates is more sensitive to other Nα-acetylation events. strongest stabilizers of the CL-degron reporter even though the reporter is not a NatB substrate.
These data suggest that NatB may contribute to the function of components of the UPS. For example, proteasomal subunits Rpt3, Rpn11, and Pre1/β4 are all confirmed targets of NatB (Kimura et al., 2003) . This might help to explain the enhanced levels of ubiquitinprotein conjugates in nat3Δ cells (Supplemental Figure S2C) . A proteolysis-promoting role for NatB through its modification of UPS components, rather than of substrates, could account for the weak Ubc6 stabilization in nat3Δ cells since Ubc6 is not acetylated by NatB .
Role of Der1 Nα-acetylation in ERAD-L
In contrast to the weak effects of Nα-acetylation on the Doa10 pathway, Nα-acetylation of the Der1 subunit of the Hrd1 complex is essential to ERAD-L. NatB is dispensable for ERAD-M, which does not require Der1. Several results suggest that Der1 is the only Nα-acetylation target of functional relevance to ERAD-L. First, Der1 overexpression is sufficient to suppress completely the nat3Δ defect in CPY* degradation. Second, altering the N-terminal sequences of Der1 changes ERAD-L Nα-acetyltransferase dependence. For instance, changing the second residue of Der1 from Asp to Leu renders CPY* degradation NatB independent FIGURE 5: Der1 function and degradation rate is modulated by its N-terminal sequence. (A) A C-terminally HA-tagged WT Der1 that begins with the sequence Met-Asp (MD) is degraded slowly in NAT3 cells but is destabilized ∼2-to 2.5-fold in a nat3Δ strain. A mutant Der1 (MK) with a Lys at the second position is strongly destabilized (the anti-HA blot required prolonged exposure compared with the others), whereas the ML mutant is degraded at the same slow rate as WT Der1 (bottom). Der1 amounts for each time point in the plot were normalized to PGK levels. (B) The ML-Der1-HA protein is functional in ERAD-L even when not acetylated (mak3Δ cells). A low-copy plasmid expressing ML-Der1-HA from the DER1 promoter was transformed into cells of the indicated genotypes. PGK, loading control.
FIGURE 6: Nα-acetylation of Der1 regulates its degradation by the Hrd1 ligase. Degradation of WT MD-Der1 (A) and N-terminally mutated MK-Der1 (B) depends on Hrd1. Degradation of Der1-HA was followed by cycloheximide-chase assay and anti-HA immunoblotting. PGK, loading control. Strains used: prc1-1 der1Δ (MHY7110); prc1-1 der1Δ nat3Δ (MHY7111); der1Δ nat3Δ doa10Δ (MHY7834); and der1Δ nat3Δ hrd1Δ (MHY7839).
FIGURE 7: Increased Der1-HA levels suppress the CPY* degradation defect in nat3Δ cells. Cells all carried the prc1-1 allele and had the indicated additional chromosomal deletions; the strains were transformed with p415GPD-DER1-HA. The estimated CPY* half-lives were determined by quantitative immunoblotting using antibodies to HA and PGK and normalization to PGK levels. Strains used: prc1-1 hrd1Δ (MHY6855); prc1-1 nat3Δ (MHY6920); and prc1-1 der1Δ (MHY7110). methods were used for genetic manipulation of yeast (Guthrie and Fink, 2002) . Standard techniques were used for recombinant DNA work in Escherichia coli.
Yeast strain constructions
S. cerevisiae strains used in this study are listed in Supplemental  Table S2 . Deletion strains in the BY4741 genetic background were retrieved from the Saccharomyces Gene Deletion Project collection (Open Biosystems, Huntsville, AL); in some cases these were crossed to congenic strains for creation of double mutants. Mutant strains were also generated in the MHY501 background (Chen et al., 1993) , as indicated in Supplemental Table S2 . For gene knockouts, marker genes from the pFA6a series (European Saccharomyces cerevisiae Archive for Functional Analysis, Institute for Molecular Biosciences, Johann Wolfgang Goethe-University Frankfurt, Frankfurt, Germany) were PCR amplified with appropriate flanking primers; in some cases, the knockout alleles from the Saccharomyces deletion collection were used as PCR templates. The PCR fragments were used for yeast transformation, and correct single-site integration was verified by colony PCR and marker segregation analysis. The nat3Δ allele was also tracked by the slower, temperature-sensitive growth it conferred on cells. In crosses involving the prc1-1 allele, which encodes CPY*, the CPY* protein was distinguished from WT CPY by its distinct glycosylation pattern, which was monitored by anti-CPY immunoblotting.
Plasmid constructions
All plasmids described in the present study (Supplemental Table S3 ) were constructed using standard approaches. Previously described plasmids are also listed in Supplemental Table S3 . The pSZ1 plasmid (Friedlander et al., 2000) was used for quantitative measurement of the UPR using ortho-nitrophenyl-β-galactoside as substrate (Chen et al., 1993) . The DER1 open reading frame (ORF) was PCR amplified from yeast genomic DNA with primers containing XbaI and XhoI restriction sites in the 5′ and 3′ ends, respectively. The PCR fragment was initially cloned into a p415MET25 vector (Mumberg et al., 1994) . MK, MS, and ML variants of Der1 were also generated by PCR amplification in which the 5′-primer contained the respective mutations in the second codon. All HA-and FLAG-tagged Der1-encoding constructs were also made by PCR amplification with the 3′-primer containing the tag sequence fused in-frame to the terminal DER1 ORF followed by a stop codon and an XhoI site.
For plasmids in which Der1 was expressed under its natural promoter, the MET25 promoter from p415MET25-DER1 was replaced with a 500-base pair sequence upstream of the DER1 ORF; the sequence was amplified from yeast genomic DNA using 5′ and 3′ primers with SacI and XbaI sites, respectively. Overexpression of Der1 proteins was done from p416GPD or p415GPD vectors (Mumberg et al., 1995) after subcloning the DER1 ORFs into these vectors by XbaI/XhoI digestion. The der1-D2A mutant alleles (encoding MA-Der1) were generated by QuikChange mutagenesis using either the p415-DER1 or p415-DER1-HA plasmid as template. Subsequently, for overexpression of MA-der1-FLAG for protein modification analysis, a der1-D2A-FLAG fragment was generated by PCR using 5′-primer with the D2A mutation and an XbaI restriction site and the 3′-primer encoding the FLAG sequence followed by an XhoI site. This fragment was then cloned into a p416GPD plasmid.
The p416NAT3 plasmid (pNAT3) was constructed by PCR amplification from yeast genomic DNA. The amplified BamHI-XhoI fragment included the NAT3 ORF flanked by 500 base pairs of upstream and 300 base pairs of downstream sequence. The PCR product was Altering the second residue of Der1 to a leucine should cause Der1 to be acetylated by NatC; however, ML-Der1 function in ERAD-L is independent of NatC. Nα-acetylation of Der1 may normally help to create a relatively hydrophobic binding surface at its N-terminus. Replacement of an acidic residue (Asp) with a large aliphatic one (Leu) might serve the same function and obviate the requirement for acetylation.
Surprisingly, ERAD-L in MA-der1 cells was still sensitive to NatB inactivation (Figure 4) . Nα-acetylation of MA-Der1 remained partially dependent on NatB (Supplemental Figure S4B) . This may reflect altered SRP binding to the ribosome-nascent-chain complex (RNC), which is mediated by the emerging hydrophobic N-terminal segment of nascent proteins (Zhang et al., 2012) . In cells lacking NatB, SRP might bind more tightly to the RNC-translating mutant MA-Der1 protein, limiting access of NatA (Forte et al., 2011) . The strong ERAD-L defect in MA-der1 nat3Δ cells can be viewed as a synthetic genetic deficiency. Partially defective mutant MA-der1 cells may become sensitized to defects in other Hrd1 pathway components, such as the Ubc7-binding Cue1 cofactor, which is also a NatB substrate.
Mutations in NatB or in Der1 itself enhance rates of Der1 degradation, and this degradation depends on Hrd1. This suggests that Hrd1 ubiquitylates Der1 when the N-terminus of Der1 is aberrant. Mutant Der1-Hrd1 binding may nevertheless be mediated by the same interactions with the Hrd1 complex normally required for Der1 function. A potential precedent for this is the Ubc6 E2, which also exhibits susceptibility to ubiquitylation by its cognate ubiquitin ligase, Doa10 (Kreft and Hochstrasser, 2011) . In this case, data suggest a second binding site in the Doa10 complex where Ubc6 is ubiquitylated by a mechanism requiring another Ubc6 molecule.
General functions of Nα-acetylation
Surprisingly few proteins have been shown to rely on their Nα-acetylation for their function despite the common occurrence of this modification. One problem in assessing effects of Nα-acetylation on a specific protein is that it usually requires mutating that protein's N-terminal region. As seen with Der1, a wide range of effects on the mutated substrate can be engendered, and these are difficult to predict. To our knowledge, the change in Der1 Nα-acetyltransferase dependence to NatA by mutating Der1 is the first successful execution of such a switch in functional dependence to a different Nα-acetyltransferase (Starheim et al., 2012) .
It is likely that a general role for Nα-acetylation is to modulate the affinity or relative orientation of proteins toward one another. A clear example of such binding modulation is the Nα-acetylation of the Ubc12E2 and its interaction with its cognate E3 ligase (Scott et al., 2011) . A binding site of the acetylated N-terminus of Der1 in the Hrd1 complex remains to be identified. Usa1 is an obvious candidate ), although we could not detect a change in Der1-Usa1 binding by coimmunoprecipitation from cell extracts. Alternatively, Nα-acetylation of Der1 might conformationally alter or orient the cofactor relative to the Hrd1 complex in a way that prevents it from becoming ubiquitylated and degraded while maximizing its substrate retrotranslocation and/or ubiquitylation activities. A final possibility is that the hydrophobic N-terminal segment of Der1 interacts directly with the membrane, and Nα-acetylation enhances or helps to properly position this interaction.
MATERIALS AND METHODS
Yeast and bacterial methods
Yeast rich (yeast extract/peptone/dextrose [YPD] ) and minimal (SD) media were prepared as described previously, and standard
